A relationship between hypertension and insulin resistance was first recognized more than 20 years ago, 1,2 but despite keen interest in the subject, there is no widely accepted mechanism by which these two independent risk factors of cardiovascular disease are linked.
We reported that mice with genetic interruption of normal signaling of the pituitary proopiomelanocortin-derived peptide γ-melanocyte stimulating hormone (γ-MSH), whether from impaired secretion from the pituitary or from absence of its receptor Mc3r, develop marked salt-sensitive hypertension. 3 The hypertension is rapidly corrected by infusion of exogenous γ-MSH, 3, 4 and prevented by continuous administration of a stable γ-MSH analog, in rodents with deficiency of this hormone. 3, 5 We asked whether these models of genetic saltsensitive hypertension due to interruption of normal γ-MSH signaling were accompanied by altered glucose metabolism.
Methods
We studied male proconvertase 2 wild-type and knockout mice (Pc2 +/+,−/− ) 6 obtained from The Jackson Laboratory, and male Mc3r +/+ and −/− mice 7 obtained from Dr Roger Cone, University of Oregon for Health Sciences. The Pc2 −/− mice and their littermate wild-type controls are on a B6; 129 background, whereas the Mc3r −/− mice and their littermate wild-type controls are on a C57B6Jx129 background. The mice were maintained in the transgenic breeding core of the Association for Assessment of Laboratory Animal Careapproved University of California San Francisco Animal Care Facility and were studied at 3-4 months of age, at which time they weighed 18-26 g. Mice were genotyped using DNA from tail biopsies as described by us. 3 They were kept in the temperature-controlled vivarium with a 12-h light-dark cycle; the study protocols were reviewed and approved by the Institutional Animal Care and Use Committee of University of California San Francisco. The mice ingested either a normal-sodium diet (NSD, 0.4% NaCl, Purina Mills Purified Diet 5001; Purina Mills, Richmond, IN) or the high-sodium diet (HSD, 8% NaCl, cat. no. 32892; Purina Mills) for ≥7 days. Mice were brought to the laboratory in the fasted state and anesthetized with ketamine 100 mg/kg and xylazine 15 mg/kg, Background rodents with deficiency of or resistance to the proopiomelanocortin-derived peptide γ-melanocyte stimulating hormone (γ-mSH) develop marked salt-sensitive hypertension. We asked whether this hypertension was accompanied by abnormal glucose metabolism.
Methods γ-mSH-deficient Pc2 −/− mice, and resistant mc3r −/− mice were studied acutely for measurement of blood pressure and glucose and insulin concentrations after ≥1 week of a high-sodium diet (HSD; 8% Nacl) compared to a normal-sodium diet (NSD; 0.4% Nacl). mc3r −/− also underwent glucose tolerance test (GTT) and insulin tolerance test. results both knockout strains were hypertensive and also exhibited fasting hyperglycemia and hyperinsulinemia on the HSD. mc3r −/− mice on the HSD had impaired glucose tolerance and insulin-mediated glucose disposal compared to wild-type mice on either the HSD or the NSD, or to mc3r −/− mice on the NSD.
conclusions
These results indicate an interaction of interrupted γ-mSH signaling with the HSD to cause hypertension on the one hand and abnormal glucose metabolism, with the characteristics of insulin resistance, on the other. Further study of the nature of this interaction should provide new insight into the mechanisms by which salt-sensitive hypertension and insulin resistance are linked. Abnormal Glucose Metabolism in Hypertensive Mice With Genetically Interrupted γ-Melanocyte Stimulating Hormone Signaling Fed a High-Sodium Diet both given IP, and placed on a heated operating table. A catheter was inserted into the femoral artery and attached to a Statham P23id blood pressure transducer to record mean arterial pressure (MAP) and heart rate on a direct writing recorder. A blood sample was taken for measurement of whole blood glucose; the rest of the sample was centrifuged and the plasma frozen for subsequent measurement of plasma insulin concentration. This procedure was followed in Pc2 +/+ , Pc2 −/− , Mc3r +/+ , and Mc3r −/− mice on the NSD or HSD (n = 5/group).
Separate Mc3r +/+ and Mc3r −/− mice on the NSD or HSD underwent further study to evaluate glucose metabolism more fully. Fasted mice (n = 5/group) were prepared as above and control measurements of MAP and heart rate, as well as a control blood sample, obtained. They then received an IP injection of a 20% glucose solution in normal saline, 1 mg (5 μl)/g body weight for a glucose tolerance test (GTT). Blood samples (25 μl) for determination of blood glucose and plasma insulin concentrations were obtained 20, 40, 60, 90, and 120 min later; MAP and heart rate were monitored throughout. Other, nonfasted, Mc3r +/+ and Mc3r −/− mice (n = 5/group) on the NSD or HSD underwent an insulin tolerance test. After surgical preparation as above and collection of control measurements, they received an IP injection of bovine insulin, 1 United States Pharmacopeia (USP) unit/kg body weight. Blood samples (15 μl) were obtained 20, 40, 60, 90, 120, and 150 min later for measurement of blood glucose concentration. In longer experiments, supplemental doses of ketamine and xylazine, 50-70% of the initial dose, were administered to maintain a stable plane of surgical anesthesia.
Because Mc3r −/− mice exhibit a metabolic phenotype, 7, 8 and because the two-test diets differed in the percent of calories derived from fat and the sucrose content as well as in other ways, we carried out the GTT in two additional groups of fasted Mc3r −/− mice (5/group). One group was fed the control NSD throughout and given tap water to drink, thus resembling the Mc3r −/− /NSD group described above; the other was fed the same NSD but given 0.9% saline as drinking water for ≥12 days to achieve sodium loading.
Blood glucose was measured using glucometer (Accensia Elite XL, Bayer, Mishowaka, IN). Plasma insulin was determined in 5 μl of plasma using an ultrasensitive rat insulin ELISA kit (Crystal Chem, Downers Grove, IL) according to the manufacturer's instructions. Data are presented as means ± s.e.m. Differences within groups were determined by repeated measures analysis of variance, whereas differences between group means were assessed by the unpaired t-test or by one-way analysis of variance with the Bonferroni post hoc test using GraphPad Instat version 3.05 (GraphPad Software, San Diego, CA). In some analyses, two-way analysis of variance was used (Analyze-it Software, Leeds, UK). When groups being compared exhibited unequal variances, the data were log transformed. A P value <0.05 was used to indicate the presence of a significant difference.
results
Both Pc2 −/− and Mc3r −/− mice developed hypertension when ingesting the HSD, as we had reported earlier 3 (Figure 1) .
They also exhibited fasting hyperglycemia and hyperinsulinemia compared to each wild-type strain on either diet, or to the knockout mice ingesting the NSD. Two-way analysis of variance indicated significant effects of genotype and dietary sodium for both strains for fasting glucose and insulin concentrations and MAP (P <0.003), as well as a significant genotype × diet interaction (P <0.05).
We characterized this abnormal glucose metabolism further in Mc3r −/− mice ingesting the NSD vs. the HSD (Figure 2) . In the GTT, Mc3r −/− mice fed the HSD had a significantly greater area under the curve of the blood glucose/time relationship compared to Mc3r −/− mice on the NSD or Mc3r +/+ mice on either diet (Figure 2a) ; these latter three results did not differ from each other. Plasma insulin concentration exhibited a similar pattern; the control level in Mc3r −/− mice fed the HSD was elevated over the other three groups, although this was not significant (P <0.15) as it had been in the mice shown in Figure 1 . However, plasma insulin was significantly elevated in Mc3r −/− mice on the HSD throughout the 2-h period of the GTT compared to the other three groups (Figure 2b) .
To control more fully for differences in dietary composition, we studied two additional groups of fasted Mc3r −/− mice, both of which ate the control, NSD diet throughout but one of which was given 0.9% saline as drinking water. MAP in the water-drinking group was 84 ± 3 mm Hg, whereas it was 127 ± 3 mm Hg in the group given normal saline to drink (P <0.001).
The saline-drinking mice exhibited fasting hyperglycemia (123 ± 2 vs. 95 ± 2 mg/dl) and hyperinsulinemia (1.67 ± 0.22 vs. 0.49 ± 0.15 ng/ml) compared to the water-drinking group (P < 0.003 for both). These results are similar to those shown in Figure 1 . Results of the GTT in these two groups are shown in Figure 2a ,b. The glucose-time relationship of the knockout mice fed the NSD plus saline drinking water was virtually identical to that in Mc3r −/− mice fed the HSD, and the area under the curve of these two groups was significantly greater than all the other groups (P < 0.01, Figure 2a) . The plasma insulin response was also similar in the salt-loaded knockout mice (Figure 2b) , although at the 40 min time point the value in the knockout mice fed the HSD was significantly higher than that in the knockouts fed the NSD plus normal saline drinking water (P < 0.05). These data indicate that the impaired glucose metabolism induced by the HSD in Mc3r −/− mice can be largely attributed to the high-sodium intake rather than to some other difference between the HSD and the NSD.
Results of the insulin tolerance test showed a pattern consistent with the GTT (Figure 2c) : nonfasting Mc3r −/− mice on the HSD had a higher basal blood glucose concentration and, although insulin caused a decrease in glucose in all groups, knockout mice on the HSD maintained a higher level throughout the 150 min study compared to Mc3r −/− mice on the NSD or to wild-type mice on either diet. The impaired glucose tolerance and insulin-mediated glucose disposal of the Mc3r −/− mice fed the HSD are suggestive of insulin resistance.
Body weights in the different groups did not differ markedly. Pc2 +/+ mice fed the NSD weighted 24.2 ± 0/7 g, Pc2 +/+ fed the HSD 22.6 ± 0.5 g, Pc2 −/− on the NSD 22.4 ± 0.5 g, and Pc2 −/− on the HSD 21.0 ± 0.4 g. The last value was significantly less than the weight of Pc2 +/+ mice on the NSD (P < 0.01), but no other differences were detected. The corresponding weights for Mc3r +/+ NSD, Mc3r +/+ HSD, Mc3r −/− NSD, and Mc3r −/− HSD were 23.2 ± 0.8, 23.3 ± 0.6, 23.1 ± 0.5, and 22.9 ± 0.4 g (P = not significant).
discussion
These experimental results demonstrate that the elevation in blood pressure in two models of salt-sensitive hypertension resulting from impaired signaling of the POMC-derived peptide γ-MSH is accompanied by abnormal glucose metabolism. Mice with γ-MSH deficiency due to genetic absence of the POMC processing enzyme PC2 (Pc2 −/− ) 3 exhibit fasting hyperglycemia and hyperinsulinemia when ingesting the HSD, as do mice lacking the cellular receptor for γ-MSH (Mc3r −/− ) which exhibit the features of hormone resistance. 3 The abnormal glucose metabolism in this latter strain is further characterized by impaired glucose tolerance and blunted insulin-mediated glucose uptake.
The phenotypes of the Pc2 −/− and Mc3r −/− mice could have some impact on carbohydrate metabolism. The initial report of the Pc2 −/− knockout described a mild impairment in growth and a tendency to fasting hypoglycemia and a flat glucose tolerance curve attributed to reduced circulating glucagons, 6, 9 although abnormalities in insulin processing have also been reported in these mice. 10 The development of fasting hyperglycemia during ingestion of the HSD is therefore all the more noteworthy. Mc3r −/− mice have a phenotype characterized by a decrease in skeletal muscle mass and increase in fat mass with an increase in resting energy expenditure; 7, 8 one study has reported basal hyperinsulinemia in these mice, 8 whereas another has documented the development of hyperglycemia and hyperinsulinemia with ingestion of a high-fat diet. 11 We could not confirm hyperinsulinemia in our mice when ingesting the NSD, but were able to unmask it with ingestion of the HSD. The elevation in plasma insulin concentration during the GTT (Figure 2b ) suggests no major defect in insulin secretory capacity. Our results do not support a role of the HSD itself in contributing to altered glucose metabolism and insulin resistance as has been observed in some rodent studies: 12, 13 in wild-type mice, the HSD resulted in trivial differences in fasting blood glucose and insulin concentrations compared with values after ingesting the NSD (Figure 1) . The mechanism(s) by which a HSD induces both hypertension and impaired glucose tolerance in mice with interrupted γ-MSH signaling is not known. Our earlier study 3 showed that a small dose of the peptide, which had no effect on MAP when given intravenously, rapidly lowered MAP to normal when given into the cerebroventricular system of hypertensive Pc2 −/− mice fed the HSD. This indicated a central site of action of the administered γ-MSH, and led us to speculate that the peptide acts centrally as a tonic brake on sympathetic nervous outflow. 14 Loss of this brake as in γ-MSH deficient Pc2 −/− or resistant Mc3r −/− mice could cause increased sympathetic outflow and hypertension during ingestion of the HSD. Much evidence suggests that activation of the sympathetic nervous system can also lead to insulin resistance, 15 perhaps providing an explanation for the effects of the HSD on both blood pressure and glucose metabolism in rodents with impaired γ-MSH signaling. This will be an important possibility to test in future studies.
